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Abstract: An approach to simulate the steady-state and small-signal behavior of GNR MOSFETs
(graphene nanoribbon metal-semiconductor-oxide field-effect transistor) is presented. GNR material
parameters and a method to account for the density of states of one-dimensional systems like
GNRs are implemented in a commercial device simulator. This modified tool is used to calculate
the current-voltage characteristics as well the cutoff frequency fT and the maximum frequency
of oscillation fmax of GNR MOSFETs. Exemplarily, we consider 50-nm gate GNR MOSFETs with
N = 7 armchair GNR channels and examine two transistor configurations. The first configuration is
a simplified MOSFET structure with a single GNR channel as usually studied by other groups.
Furthermore, and for the first time in the literature, we study in detail a transistor structure
with multiple parallel GNR channels and interribbon gates. It is shown that the calculated fT
of GNR MOSFETs is significantly lower than that of GFETs (FET with gapless large-area graphene
channel) with comparable gate length due to the mobility degradation in GNRs. On the other hand,
GNR MOSFETs show much higher fmax compared to experimental GFETs due the semiconducting
nature of the GNR channels and the resulting better saturation of the drain current. Finally, it is
shown that the gate control in FETs with multiple parallel GNR channels is improved while the cutoff
frequency is degraded compared to single-channel GNR MOSFETs due to parasitic capacitances of
the interribbon gates.
Keywords: graphene; graphene transistor; GNR MOSFET; simulation
1. Introduction
The 2D (two-dimensional) carbon-based material graphene has attracted significant attention
during the past 10 years [1]. During the early years of graphene research, i.e., in the period 2004–2009,
particularly the high carrier mobilities observed in large-area graphene raised expectations that
graphene could be an excellent channel material for future MOSFET (metal-oxide-semiconductor
field-effect transistor) generations. Unfortunately, large-area graphene as the natural form of
appearance of graphene does not possess a bandgap. Thus, MOSFETs with large-area graphene
channels (designated as GFETs in the following) do not switch off and cannot be used for digital
logic. RF (radio frequency) FETs, on the other hand, do not necessarily need to be switched off.
Therefore a lot of work has been done to develop GFETs for RF applications and indeed experimental
GFETs with cutoff frequencies fT in excess of 300 GHz have been reported [2–4]. Due to the missing
gap, however, GFETs suffer from an unsatisfying saturation of the drain current causing poor power
gain and low maximum frequency of oscillation fmax [5,6]. This seriously limits the potential of
GFETs for high-performance RF applications. Thus, for both logic and high-performance RF FETs,
a semiconducting channel is needed.
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There are different options to open a gap in graphene, i.e., to make this material semiconducting.
First, it has been shown that by using bilayer graphene instead of single-layer material and applying
a perpendicular field, a gap is formed [7,8]. A second option is to create narrow confined graphene
structures, such as GNRs (graphene nanoribbon) [9,10] or graphene nanomeshes [11,12], in which a gap
opens. In the present work, we focus on GNRs and use these as MOSFET channels. The gap opening in
GNRs has been predicted by first-principle calculations [13–15] and confirmed by experiments [9,10].
Meanwhile the International Technology Roadmap for Semiconductors considers GNRs as a viable
channel replacement material for future MOSFET generations [16]. Recently back-gate GNR MOSFETs
with ribbon widths down to 2 nm showing excellent switch-off and on-off ratios in excess of 106 have
been demonstrated [17–19] and top-gate GNR MOSFETs with 10 to 20-nm wide channels and on-off
ratios around 70 [20] have been reported.
On the theoretical side, GNR MOSFETs have been simulated at different levels of complexity
and physics involved. Steady-state quantum simulations based on the NEGF (nonequilibrium
Green’s function) approach assuming ballistic transport have been performed [21–25] and GNR
MOSFET simulations taking edge scattering [26,27] and phonon scattering [25] into account have been
conducted. Moreover, the RF performance of GNR MOSFETs has been investigated by numerical
simulations [21,22,25] and analytical equations have been developed to calculate the steady-state
behavior and the RF properties of GNR MOSFETs [28].
While these simulations have provided valuable insights in the operation and physics of GNR
MOSFETs, so far only simplified transistor structures with a single GNR channel and, in many
cases, idealized conditions such as ballistic carrier transport have been considered. This has
led to overly optimistic performance predictions such as unrealistically high simulated cutoff
frequencies [21,22,25,28]. Moreover, most simulations have been performed using in-house tools
not accessible by the community. An exception worth mentioning is the open-source multiscale
simulation framework for the investigation of nanoscale devices such as GNR MOSFETs presented
in [29]. However, commercial device simulators which are very popular in the semiconductor industry
so far have not been applied to the investigation of GNR MOSFETs.
In the present work, we develop an approach to describe the steady-state and RF behavior of GNR
MOSFETs in the framework of a commercial device simulator. Since so far neither graphene nor GNR
models are implemented in commercial tools, in Section 2 the GNR models we have implemented
in the device simulator ATLAS [30] are described and an approach to appropriately account for the
DOS (density of states) and quantum capacitance of 1D (one-dimensional) systems such as GNRs in
commercial simulation tools is presented. Section 3 summarizes the results of our ATLAS simulations,
first for a simplified single-channel GNR MOSFET structure with 50 nm gate length and next for GNR
MOSFETs with multiple parallel GNR channels and interribbon gates. Such multiple-channel GNR
MOSFETs are studied here for the first time in detail. Finally, Section 4 concludes the paper.
2. Simulation Framework and GNR Models
Appropriate models for the material and carrier transport parameters for GNRs and a formalism
to correctly account for the DOS in 1D structures are still missing in ATLAS. Therefore, the first steps
of our work are (i) the compilation of data for the material and transport parameters needed for the
simulation of GNR MOSFETs; (ii) the elaboration of a suitable approach to describe the DOS and
the quantum capacitance in 1D GNR MOS structures properly; and (iii) the implementation of these
features in ATLAS.
2.1. Models for Bangap and Carrier Effective Mass
It is well established that in narrow GNRs a sizeable bandgap can be opened and that the gap
EG critically depends on the GNR edge configuration, i.e., ac (armchair) or zz (zigzag), and on the
ribbon width w. GNRs of the ac configuration constitute the three different families 3p, 3p + 1, and
3p + 2 (p is an integer). For example, for a GNR with N = 7 carbon atoms along its width, p equals 2
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andtheribbonbelongstothe3p+1family.EveryfamilyofacGNRsobeysaspeciﬁcgap-width
relationship[4,13–15,31].Ontheotherhand,thereisstilacontroversialdebateonwhetherzzGNRs
aremetalicorsemiconducting.Inthepresentwork,weexemplarilyconsiderac3p+1GNRsand
focusonthesimulationofMOSFETswithN=7GNRchannels.
Thebandgapdataforac GNRsavailableintheliteratureconsistentlyshowforeach
familyadecreasinggapforincreasingribbonwidth.Foragivenp,thegapobeystherelation
EG(3p+1)>EG(3p)>EG(3p+2).However,asshowninFigure1,thepublishedEG-wdatascater
considerably.ThismakesitdifﬁculttodevelopareliableEG-wmodelneededfordevicesimulation.
ObviouslythereportedexperimentalbandgapdatapointsforthenarrowN=7andN=13GNRsare
locatedinbetweentheresultsoftheGWsimulationsofYangetal.[14]andthepredictionsofRazaand
Kan[13]. Moreover,mostexperimentalbandgapsforGNRwithwidthsfrombelow1nmtoabout
20nmarelocatedintherangebetweenthesetwopredictions.
Figure1.MeasuredandcalculatedbandgapofacGNRs(graphenenanoribbon)vs.ribbonwidth.
TheexperimentaldatafortheN=7andN=13acGNRsaretakenfrom[10,32,33]andtheother
experimentaldataaretakenfromthecompilationin[31]. Thecalculatedbandgapsaretaken
from[13,14,34].
Inthepresentwork,weusetheEG-wrelationfrom[13],whichforthe3p+1familyreadsas
EG 1.04eVw nm (1)
with
w nm 0.2462 N 1 (2)
NotonlythebandgapbutalsothecarrierefectivemassmefinGNRsdependsontheGNRedge
conﬁguration,family,andwidth.ForacGNRsofthe3p+1family,RazaandKansuggestedthe
expression[13]
mef 0.16m0w (3)
wherem0istheelectronrestmassandwistheribbon,accordingtoEquation(2),innm.The3p+1
familyhasbeenchoseninthepresentworksinceitprovides,foragivenp,thewidestgapofthethree
families. Wenote,however,thatourapproachcanbeappliedtotheothertwofamiliesofacGNRs
aswel.
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2.2.TransportModel
Inthepresent work,carriertransportisdescribedintheframeworkoftheclassicalDD
(drift-difusion)model.ItisfrequentlyarguedthatinMOSFETswithsub-100-nmgatestheDDmodel
doesnolongerprovideasufﬁcientlycorrectdescriptionofcarriertransportduetotheappearance
ofnonstationaryand/orquasi-balistictransportefects. Wehavedemonstrated,however,thatthe
standardDDmodeliswelsuitedforthesimulationofSiMOSFETswithgatelengthdownto30nm,
andbyassumingamodiﬁedgate-length-dependentsaturationvelocityitprovidesreasonableresults
evendownto5nmgatelength[35].Moreover,ithasbeenshownthatcarriertransportin2DMoS2
MOSFETswith10-nm,andevensub-10-nm,channelsisstilfarfrombalisticbutdissipativeand
scatering-dominatedinstead[36–38].Finaly,theDDapproachisconsideredareasonableguide
eveninthepresenceofnonstationaryandquasi-balistictransportinshort-channelMOSFETssinceit
correctlyaccountsforbothdevicegeometryandelectrostatics[39].
ForaproperdescriptionofcarriertransportintheDDmodel,thev-E(velocity-ﬁeld)characteristics
includingthelow-ﬁeldmobilityµ0,thehigh-ﬁeldsaturationvelocityvsat,andtheabruptnessofthe
transitionbetweenthelow-ﬁeldandhigh-ﬁeldregionshavetobemodeledcorrectly.Thedependence
oftheefectivemassontheribbonwidthisalreadyanindicationofthefactthatthepropertiesofcarrier
transportinGNRsarerelatedtotheribbonwidth.ThishasbeenconﬁrmedbyMonteCarlotransport
simulationsfor1.12,2.62,and4.86nmwideacribbonsbelongingtothe3p+1family[40].Inthe
presentwork,weassumeaCaughey–Thomas-typev-Echaracteristicswithsoftvelocitysaturation
accordingto[41]
v u0E
1 u0Evsat
β 1β
(4)
thev-EcharacteristicsofthethreeGNRsreportedin[40],andtheparametersµ0,vsat,andβ,seeTable1,
areobtainedbyﬁting.
Table1. ParametersfortheCaughey–Thomasﬁtofthev-Echaracteristicsforthreeac3p+1
graphenenanoribbons.
w(nm) µ0(cm2/Vs) vsat(107cm/s) β Remark
1.12 460 2.2 1.4 Thiswork
2.62 2700 3.2 1.3 [40]
4.86 12,000 3.3 1.3 [40]
NotethattheN=7,w=0.74nmGNRconsideredinthepresentworkisoutsidethewidth
rangecoveredbytheGNRsinTable1.Thereforeweextrapolatethetrendsfortheparametersfrom
Table1towardssmalerwidthsandobtainµ0=195cm2/Vs,vsat=1.83 107cm/s,andβ=1.4for
N=7GNRs.
2.3.ModelingtheDensityofStatesandQuantumCapacitanceof1DSystems
Todescribethegatecontrolandelectrostaticsinlow-dimensionalMOSsystemscorrectly,itis
mandatorytomodeltheDOS(densityofstates)andthegatecapacitanceCGaccurately.Ingeneral,
thegatecapacitanceofaMOSstructure(regardlessofthedimensionalityofthechannel)consistsof
acombinationofthethreecapacitancecomponentsCox,Ces,andCqconnectedinseries.Notethatin
thefolowingwedonotconsidertheabsolutecapacitancebutthecapacitanceperunitarea.Coxisthe
oxidecapacitancegivenbyCox=εox/toxwhereεoxisthedielectricconstantandtoxthethicknessof
thegateoxide;Cesistheelectrostaticcapacitanceofthechannelrelatedtotheaveragedistanceofthe
carriersfromtheoxide-channelinterface;andCqisthequantumcapacitanceofthechannelrelatedto
theﬁniteDOSofthechannel.ThesimulatorATLAS(asmostconventionaldevicesimulators)perse
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considersalsemiconductingdeviceregions(andthustheGNRchannelofaGNRMOSFET)asa3D
material.Quantizationefectsoccurringinthe2DsystemofaconventionalMOSinversionchannelcan
betakenintoaccountbyusingquantumcorrectionmodelsimplementedinATLAS,whileappropriate
modelsfor1Dsystems,suchasGNRs,arenotyetavailableincommercialdevicesimulators.Onthe
otherhand,theDOSof1Dsystemsdiferssigniﬁcantlyfromthatof3Dand2Dsystems.Ifthisis
neglectedindevicesimulations,thequantumcapacitancemaybedramaticalyunderestimatedleading
toanundervaluedgatecontrolin1Dchannels,particularlyinGNRMOSFETswiththingateoxide.
Therefore,inthefolowingwepresentanapproachtoemulatetheefectsofthe1DDOSofGNRs
onthequantumcapacitanceandonthecarrierdensityinthechannelintheframeworkofATLAS.
In[42],wehaveelaboratedphysicalycorrectanalyticalexpressionsforthecarriersheetdensityand
thequantumcapacitancein1Dsystems.Thecorrespondingequations,togetherwiththosefor2Dand
3Dsystems,canbefoundintheAppendix.
Figure2ashowsthequantumcapacitanceofaN=7GNRasafunctionoftherelativepositionof
theFermilevel,i.e.,EC–EFwhereECistheconductionbandedgeandEFistheFermilevel,calculated
usingtheexpressionsfromtheAppendixforthe1D–3Dcases. Wehave,asinalsimulationsinthe
presentwork,takentheﬁrsttwosubbandswithasubbandseparationof0.4eV[43]intoaccount,
assumedGNRswithn-typeconductivity,modeledtheresidualelectronconcentrationbyassuming
ahomogeneousn-typedopingoftheGNRof2 1020cm3whichcorrespondstoanelectronsheet
densityof7 1012cm2,andusedarelativedielectricconstantof1.8fortheGNR.Itcanbeseenfrom
Figure2athatthequantumcapacitanceforthe1DcasecaneasilyexceedCqassuming3Dconditions
byoneorderofmagnitudeduetothehugequalitativeandquantitativediferencesbetweenthe1D
and3Ddensitiesofstate.
Figure2.Cont.
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Figure2.(a)QuantumcapacitanceofaN=7acGNR(graphenenanoribbon)channelvs.Fermilevel
positionassuminga1D,2D,and3Ddensityofstates.(b)Quantumcapacitanceofthecorresponding
GNRMOSstructurewith1nmequivalentoxidethicknessandagatemetalworkfunctionequalto
theGNRelectronafﬁnity.(c)ElectronsheetdensityoftheGNRMOSstructurefrom(b)vs.efective
gatevoltage.
Sincethedensityofstatesdependsonthecarrierefectivemassmef,aproperadjustmentof
mefintheexpressionsforthesheetdensityandquantumcapacitanceforthe3Dcaseshould,atleast
withinareasonablywide(EC–EF)range,leadtoaproperreproductionofthe1Dquantumcapacitance.
Figure2bshowsthequantumcapacitanceforthe1D–3Dcasescalculatedwiththeexpressionfromthe
Appendix(nowasafunctionoftheelectronsheetdensity),togetherwithasecondcurveforthe3D
casewherewehaveusedanadjustedefectivemass,namely24timesaslargeastheefectivemassfor
theN=7GNRaccordingtoEquation(3).Itcanbeseenthatbyusingthismodiﬁedefectivemass,
thequantumcapacitanceforthe3Dcase,i.e.,thecasehandledbyATLAS,reproducesthequantum
capacitanceobtainedfromthecorrectequationsforthe1Dcasealmostperfectlyforsheetdensitiesup
to4 1013cm3.
Finaly,Figure2cshowstheelectronsheetdensitynshversustheefectivegatevoltage
VG eff=VG VTh,whereVGistheappliedgatevoltageandVThisthethresholdvoltagedeﬁnedas
thegatevoltageatwhichtheelectronsheetdensitynshequals3 1010cm2.Itcanbeseenthatnsh
calculatedforthe3Dcaseisalmost40%lowercomparedtothatforthe1Dcase.Ontheotherhand,
consideringthe3Dcaseandusingtheadjustedefectivemassmeff adj=24 mef,thesheetdensity
forthe1Dcaseisperfectlyreproducedovertheentiregatevoltagerangeconsidered.Thisbringsusto
theconclusionthatusingtheexpressionsforthe3Dcaseandassuminganadjustedcarrierefective
massisanappropriatemeanstoaccountforthespeciﬁcsoftheDOSof1Dsystemsproperly.Therefore,
intheATLASsimulationstobediscussedintheremainderofthepaper,wealwaysusethemodiﬁed
efectivemass.
3.SimulatedTransistorStructures,SimulationResults,andDiscussion
TodescribethebehaviorofGNRMOSFETsproperly,actualy3Ddevicesimulationsshouldbe
performed.Notethatheretheterm3DmeansthattheGNRMOSFETbynatureisa3Ddevicesimilar
asthetri-gateMOSFETortheFinFETandthatthereforeinthesimulationprocessthesemiconductor
equations(Poisson,current,andcontinuityequations)shouldbesolvedinthreespatialdimensions.
Thisshouldnotbeconfusedwiththe3DcasementionedinSection2.3.Since3Dsimulationsare
computationalymoreexpensiveandsometimesmorecriticalregardingconvergence,wesimulatethe
2DGNRMOSFETstructureshowninFigure3andinitialyconsideronlytheefectofthetop-gateon
thechannelandtheelectrostatics.TheresultsofthisstudyarepresentedinSection3.1.InSection3.2,
weadditionalyconsidertheefectofinterribbongatesontheoperationofGNRMOSFETswith
multipleparalelGNRchannels.
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Figure 3. Cross-section (in the x-y plane) of the simulated graphene nanoribbon MOSFET.
3.1. Simulated Transistor Structures
The basic structure of our simulated GNR MOSFETs is shown in Figure 3 in a cross-sectional view.
The current flows in the x direction, the width of the GNR extends into the z direction (not shown), and
the thicknesses of the substrate, the GNR channel, and the gate dielectric extend into the y direction.
The structure consists of a semi-insulating SiC substrate, of which the upper part with a thickness of
1 µm is taken into account in the simulation.
On top of the substrate, an epitaxial GNR channel consisting of a N = 7 ac GNR with a thickness of
0.35 nm is located. The GNR is assumed to possess ideal ohmic source and drain contacts at its left and
right ends and the top-gate dielectric is formed by a 6.4 nm thick HfO2 layer with a relative dielectric
constant 25. This corresponds to an equivalent oxide thickness EOT of 1 nm. The gate has a length L of
50 nm and a work function equal to the electron affinity of the GNR, and the source-gate and gate-drain
separations are 50 nm. Two layout configurations of the GNR MOSFET from Figure 3 are considered
in the following. The first one is the single-channel transistor depicted in Figure 4a showing the
cross-section in the y-z plane and in Figure 4b showing its top view. This configuration has only a top
gate and no interribbon gate and for its investigation 2D device simulations are sufficient. We note
that such single-channel devices have been considered in most previous theoretical investigations of
GNR MOSFETs [21–27].
As has been shown in Figure 1, GNR channels with sufficiently wide bandgap are very narrow and
therefore show only a limited current driving capability. To increase the transistor's drain current and
to achieve the required current drivability, structures with multiple parallel GNR channels have to be
used. The multiple-channel GNR MOSFET shown in Figure 4c,d constitutes the second configuration
investigated in our study. The gate stripe of such a transistor consists of portions acting as the actual
gate directly above the GNRs, i.e., the top gate, and of portions called interribbon gate located (on top of
the HfO2 dielectric) between the parallel GNR channels. The control effect of the top gate is indicated
by the straight black arrows in Figure 4a,c and the effect of the interribbon gates is indicated by the
curved red arrows in Figure 4c.
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Figure4.Crosssectionandtopviewofasingle-channelGNRMOSFETwithtopgateonlyandof
amultiple-channelGNRMOSFETwithinterribbongate.(a)Crosssectionofasingle-channelGNR
MOSFETnthey-zplane.(b)Topviewofthesingle-channelGNRMOSFETfrom(a).(c)Crosssection
ofamultiple-channelMOSFETwithtwoparalelGNRchannelsandIR(interribbo)gateinthey-z
plane.(d)Topviewofthemultipe-channelGNRMOSFETfrom(c).NotethatinFigure4a,cthecurrent
ﬂowsperpendiculartothepaperplane.
3.2.SimulationResultsforSingle-ChannelGNRMOSFETs
Figure5ashowsthesimulatedtransfercharacteristicsofthe50-nmgatesingle-channelN=7ac
GNRMOSFETforadrain-sourcevoltageVDSof1V.Wedeﬁnetransistor’sthresholdvoltageVThas
thegate-sourcevoltageforwhichatVDS=1Vadraincurrentof10 7A w/Lﬂowsandtheefective
gate-sourcevoltageVGS effisrelatedtotheappliedgate-sourcevoltageVGSbyVGS eff=VGS VTh.
Astobeexpectedfromthe1.4eVbandgapoftheN=7GNRchannel,thetransistorsshowsexcelent
switch-of,anon-ofratioof1.5 106fora1Vgatevoltageswing(fromVGS eff= 0.25Vto+0.75V),
andanearlyidealsubthresholdswingSSof64mV/dec.Thetransconductance(notshowninthe
Figure)peaksatanefectivegatevoltagearound0.68Vreaching1.25mS/µ
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(a)transfercharacteristics;and(b)outputcharacteristics.
Electronics2016,5,3 9of17
TheoutputcharacteristicsofthesametransistordepictedinFigure5bshowsapronounced
saturationofthedraincurrentandalowdrainconductanceof76µS/µmat VDS =1Vand
VGS eff=0.5V.ThegoodcurrentsaturationiscausedbythesemiconductingnatureoftheGNR
channelandmarks,inadditiontothehighon-ofratio,animportantimprovementcomparedto
GFETswithgaplesslarge-areagraphenechannelswhichsuferfromaweaksaturationandalarge
drainconductance.
TogetanimpressiononRFpotentialofGNRFETs,wealsoperformsmal-signalanalysesforthe
50-nmgatesingle-channelGNRMOSFETandcalculateitssmal-signalcurrentgainh21andunilateral
powergainUatafrequencyof10GHzforVDS=1VandvaryingVGS-VTh.ThecutoffrequencyfT
andthemaximumfrequencyofoscilationfmaxarethenobtainedbyextrapolatingh21andUwiththe
characteristicslopeof 20dB/dectozerodB[44].Apeakcutoffrequencyof215GHzisobtainedat
VGS effaround0.56V.Figure6acomparesthisresultwiththebestexperimentalfTdatareportedfor
competingRFFETs,i.e.,GFETs,SiMOSFETs,andIII–VHEMTs(highelectronmobilitytransistor)with
comparablegatelengths.Ascanbeseen,intermsoffTourGNRMOSFETperformsworsecompared
tobestGFETsandtheothercompetingRFFETs.Thiswastobeexpectedbecauseoftherelativelylow
mobilityintheGNRchannel,particularlycomparedtothegaplesslarge-areagraphenechannelsof
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reported for competing RF FETs, i.e., GFETs, Si MOSFETs, and III–V HEMTs (high electron mobility 
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worse compared to best GFETs and the other competing RF FETs. This was to be expected because 
of the relatively low mobility in the GNR channel, particularly compared to the gapless large-area 
graphene channels of GFET and the InGaAs channels (with high In content) of the III–V HEMTs. 
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Figure 6. RF performance of the simulated 50-nm gate single-channel GNR MOSFET and of 
competing RF FETs (experimental data) with comparable gate length in terms of cutoff frequency fT 
and maximum frequency of oscilation fmax: (a) cutof frequency; and (b) maximum frequency of 
oscilation. The numbers at the data points indicate the gate length of the corresponding transistor in 
nm (at the left) and the frequency fT or fmax in GHz (at the right). The data for the experimental GFETs, 
Si MOSFETs, and III–V HEMTs are taken from the compilations in [4–6,31,45]. 
While a high fT is certainly desirable for a good RF FET, the more important RF figure of merit is 
the maximum frequency of oscilation fmax. Figure 6b compares experimental fmax data of competing 
RF FETs with the simulated fmax of our 50-nm gate GNR MOSFETs. Since the gate resistance has a 
strong impact on fmax, Figure 6b contains two simulated fmax data points for the GNR MOSFET. The 
higher fmax of 1.04 THz has been simulated assuming the idealized case of zero gate resistance and the 
second fmax of 413 GHz has been calculated for the more realistic case assuming a gate resistance RG 
equal to the source access resistance RS of the GNR MOSFET. As can be seen, the experimental GFETs 
sufer from poor maximum frequencies of oscilation, mainly due to their unsatisfying current 
saturation and the resulting large drain conductance causing limited power gain [5]. On the other 
hand, the simulated fmax performance of the GNR MOSFET is beter than that of the best Si MOSFETs, 
even for the case RG = RS, and only the III–V HEMTs perform noticeably beter than the GNR 
MOSFET. 
3.3. Simulation Results for Multiple-Channel GNR MOSFETs with Interribbon Gates 
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Figure6.RFperformanceofthesimulated50-nmgatesingle-channelGNRMOSFETandofcompeting
RFFETs(experimentaldata)withcomparablegatelengthintermsofcutoffrequencyfTand
maximumfrequencyofoscilationfmax:(a)cutoffrequency;and(b)maximumfrequencyofoscilation.
Thenu bersatthedatapointsidicatethegatelengthofthecorrespondingransistorinnm(attheleft)
andthefrequencyfTorfmaxinGHz(ttheigh).Thed afortheexperimentalGFETs,SiMOSFETs,
andIII–VHEMTsaretakenfromthecompilationsin[4–6,31,45].
WhileahighfTiscertainlydesirableforagoodRFFET,themoreimportantRFﬁgureofmeritis
themaximumfrequencyofoscilationfmax.Figure6bcomparesexperimentalfmaxdataofcompeting
RFFETswiththesimulatedfmaxofour50-nmgateGNRMOSFETs.Sincehegaersistanc has
astrongimpctonfmax,Figur6bontinstwosi ulatdfmaxdat pointsforheGNRMOSFET.
Thehigherfmaxof1.04THzhabeensimula dassumingtheidelizedcaseofzrogatresistanceand
thesecondmaxof413GHzhasb ncalculatedforhemorerealisticcaseass mingagateesisance
RGequaltothesourceaccessresistanceRSoftheGNRMOSFET.Ascanbeseen,theexperimental
GFETssuferfrompoormaximumfrequenciesofoscilation,mainlyduetotheirunsatisfyingcurrent
saturationandtheresultinglargedrainconductancecausinglimitedpowergain[5].Ontheother
hand,thesimulatedfmaxperformanceoftheGNRMOSFETisbeterthanthatofthebestSiMOSFETs,
evenforthecseRG=RS,andonyteIII–VHE TsperformnoicealybeerthantheGNRMOSFET.
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3.3.SimulationResultsforMultiple-ChannelGNRMOSFETswithInterribbonGates
Tosimulatemultiple-channelGNRMOSFETswithinterribbongatesasshowninFigure4c,d
correctlyandtodescribetheinterribbongateefectaccurately,ful3Ddevicesimulationswould
benecessary.Itispossible,however,togetasufﬁcientlygoodimpressiononthebehaviorof
multiple-channelGNR MOSFETsby2Dsimulationswhenapplyingtheapproachdescribedin
thefolowing.
Inaﬁrststepweperform2Dsimulationsperpendiculartothedirectionofcurrentﬂow,i.e.,inthe
y-zplane,seeFigure4,forzeroapplieddrain-sourcevoltageandcalculatetheelectronsheetdensity
nshandthegatecapacitanceCGgivenby
CG qdnshdVGS (5)
Thisisdonetwice,ﬁrstforthesimpliﬁedstructurewithoutinterribbongateshowninFigure4a
andsecondforstructureswithinterribbongates,seeFigure4c.Figure7ashowsthecalculatedelectron
sheetdensityasafunctionoftheefectivegatevoltageforGNRMOSstructures(i)withasingle
GNRchannelandtopgateonly;and(i)multipleparalelGNRchannels,interribbongates,and
varyingseparationsdGNRbetweenadjacentGNRs.Clearlytheinterribbongateshaveasigniﬁcant
efectonthesheetdensity(nshismuchlargerforthestructureswithinterribbongatecompared
tothesimplestructurewithoutinterribbongate)andthisefectisgetingmorepronouncedfor
increasingGNRseparation.ThecorrespondinggatecapacitanceisshowninFigure7b.Asimpleway
toemulatetheefectoftheinterribbongatesonthechannel,evenifonlythesimpliﬁedstructurefrom
Figure4a,i.e.,withoutinterribbongate,issimulated,istomodify(increase)thedielectricconstants
ofthegateoxideandoftheGNRsbyacorrectionfactor.Figure8showsthecorrectionfactorforthe
gatecapacitance,andthusforthedielectricconstants,neededtoreproducethegatecapacitancefor
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the efect of the interribbon gates on the channel, even if only the simplified structure from Figure 4a, 
i.e., without interribbon gate, is simulated, is to modify (increase) the dielectric constants of the gate 
oxide and of the GNRs by a correction fa or. Figure 8 shows the crrecion factor fr the gate 
nce, and thus for the dielctri constans, needd to reproduce the gat capacitnce for a 
multiple-channel structure with interribbon gate. 
(a)  (b)
Figure 7. (a) Electron sheet density and (b) gate capacitance of multiple-channel GNR MOS structures 
with interribbon gates as a function of the effective gate voltage for different separations dGNR between 
adjacent GNRs (lines). The sheet density and the gate capacitance obtained for the single-channel 
GNR MOS structure without interribbon gate are also shown (red lines with symbols, designated as 
Reference). 
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Figure7.(a)Electronsheetdensityand(b)gatecapacitanceofmultiple-channelGNRMOSstructures
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adjacentGNRs(lines).Thesheetdensityandthegatecapacitanceobtainedforthesingle-channel
GNRMOSstructurewithoutinterribbongatearealsoshown(redlineswithsymbols,designated
asReference).
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Figure8.Correctionfactorforthedielectricconstantsofthetop-gatedielectricandtheGNRthat
reproducestheefectoftheinterribbongate.Notethatthecorrectionfactorhasbeendeterminedfor
onesingleefectivegatevoltage(0.5V).
Figure9showsthatbyapplyingthecorrectionfactorapproach,thesheetdensityof
multiple-channelGNRMOSstructureswithinterribbongatescanbeperfectlyreproduced,evenif
onlyasingle-channelstructurewithoutinterribbon-gateissimulated.Notethattheperfectagreement
forefectivegatevoltagesintherange0–1.5Vhasbeenobtainedbymultiplyingtheoriginaldielectric
constantsforboththetop-gatedielectric(εr=25)andtheGNR(εr=1.8)bythecorrectionfactor
fromFigure8,i.e.,thecorrectionfactorthathasbeenelaboratedforonesingleoperatingpoint
(VGS eff=0.5V).
Havingthecorrectionfactorapproachestablished,inasecondstepweinvestigatehowthe
interribbongatesafectthedraincurrentsandtheRFperformance(intermsoffT)ofGNRMOSFETs
byapplyingthisapproach.Figure10showsthetransfercharacteristicsofthreemultiple-channel
GNR MOSFETshavingdiferentseparationsbetweenadjacentchannelsandofasingle-channel
transistorwithtopgateonlyandnointerribbongates.Astobeexpectedfromtheenhancedcarrier
sheetdensity(seeFigure9),thedraincurrentsofthestructureswithinterribbongatesarenoticeably
largercomparedtothatofthesimpliﬁedstructurewithoutinterribbongate. Moreover,theslopes
ofthetransfercharacteristicsforthemultiple-channelGNRMOSFETsarelargerthanthatofthe
single-channelMOSFET,i.e.,multiple-channelMOSFETsshowahighertransconductance.
Figure9.Electronsheetdensityinmultiple-channelGNRMOSstructuresasafunctionofefective
gatevoltage.Green,blue,andblacklines:Obtainedwhensimulatingthemultiple-channelGNRMOS
structurefromFigure4c,therebyusingtheoriginalvaluesforthedielectricconstantsforthegate
dielectric(εr=25)andtheGNRs(εr=1.8).Symbols:Obtainedbysimulatingthesingle-channelGNR
MOSstructurefromFigure4aapplyingthecorrectionfactormethod.Thickredline:Obtainedby
simulatingthesingle-channelGNRMOSstructurefromFigure4a,therebyusingtheoriginalvaluesfor
thedielectricconstantsforthegatedielectric(εr=25)andtheGNRs(εr=1.8),designatedasReference.
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Figure10.Transfercharacteristicsofmultiple-channelGNRMOSFETsapplyingthecorrectionfactor
approach(green,blue,andblacklines).Thetransfercharacteristicsofthesingle-channelGNRMOSFET
withoutinterribbongate(redlinewithsymbols,designatedasReference),i.e.,thecharacteristics
obtainedusingtheoriginalvaluesofthedielectricconstantsofthegatedielectric(εr=25)andthe
GNRs(εr=1.8)arealsoshown.
Ontheotherhand,theinterribbongatesdeterioratetheRFperformance. While,asalreadyshown
inFigure6a,thesingle-channelGNRMOSFETachievesapeakfTof215GHz,themultiple-channel
transistorsshowlowercutoffrequenciesof184GHz,158GHz,and145GHzforGNRseparations
dGNRof1 w,3 w,and5 w(wistheGNRwidth),respectively.Thisefectlookingsurprising
onﬁrstviewiscloselyrelatedtotheobserveddegradationoftheRFperformanceofSiFinFETsand
Sitri-gateMOSFETscomparedtotheirplanarcounterparts[46].Thedegradedcutoffrequencies
originatefromadditionalcapacitancecomponentscausedbytheinterribbongates.Thesecontributeto
thecurrentcontrollessefﬁcientlythanthetopgatecapacitanceleadingtothesituationthattheefect
oftheincreasedgatecapacitancecannotbefulycompensatedbytheenhancedtransconductance,
i.e.,inmultiple-channelGNRMOSFETswithinterribbongatesthetransconductanceincreasesto
alesserextentthanthegatecapacitance. Wenote,however,thattheinterribbongateswilleadto
abetersuppressionofshort-channelefectsandimprovethescalingbehaviorofGNRMOSFETs.
SuchacombinationofanimprovedscalingbehaviorandsimultaneouslydegradedRFperformanceis
notspeciﬁcforGNRMOSFETsbuthasalsobeenobservedinSiFinFETsandSitri-gateMOSFETssince
theinterribbongateofmultiple-channelGNRMOSFETsresemblesthesidewalgatesofFinFETsand
tri-gateFETs.Themaximumfrequencyofoscilationfmaxofmultiple-channelGNRMOSFETswilbe
afectedbytheadditionalcapacitanceoftheinterribbongatestoasimilarextentasthecutoffrequency
fTsincebothfTandfmaxareroughlyproportionaltogm/CgswheregmisthetransconductanceandCgs
isthegate-sourcecapacitance(thatincludescontributionsfromboththetopgateandtheinterribbon
gate),see,e.g.,Equations(3)and(4)in[5].
Figure11showshowourcalculatedcutoffrequenciesforthesingle-channelandmultiple-channel
GNRMOSFETscomparetothecutoffrequenciessimulatedbyothergroupsforGNRMOSFETsand
GFETsandtothebestreportedcutoffrequenciesofexperimentalGFETs.ExperimentalGNRMOSFETs
couldnotbeincludedinFigure11sincetheRFperformanceofsuchtransistorshasnotbeenreported
sofar.
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Figure11.SimulatedcutoffrequencyofGNRMOSFETsandGFETsasafunctionofgatelength.Data
takenfromtheliterature[21,22,47,48]andfromthepresentwork.fTdataofexperimentalGFETsand
datatakenfromthecompilationsinarealsoshown[5,6].Thetwodatapointsdesignatedbythiswork
correspondtothecutoffrequencyofthesingle-channelGNRMOSFETs,seealsoFigure6a,andofthe
multiple-channelGNRMOSFETwithaGNRseparationof5 w.
Ascanbeseen,oursimulatedcutoffrequenciesfor50-nmgateGNRMOSFETsarelowerthan
thosecalculatedforGFETswiththesamegatelengthbyChauhanetal.[47]andPaussaetal.[48],
bothtakingphononscateringintoaccount.ThisisreasonablesincecarriertransportinGNRsis
degradedcomparedtothatingaplesslarge-areagraphene.ComparingoursimulatedfTdatawith
thecalculatedcutoffrequenciesforGNRMOSFETsfrom[25],wherephononscateringhasbeen
takenintoaccount,andthosefrom[21,22]ismoredifﬁcultsincein[21,22,25]transistorswithmuch
shortergateshavebeenconsidered.Figure11shows,however,thatourcutoffrequenciesareby
trendlowerthanthosesimulatedin[21,22,25]. Althoughtheapproachusedinthepresentwork
isengineering-styleandinvolveslessphysicsthanthesimulationsfrom[21,22,25]webelievethat
ourresultsarereasonable.TheGNRchannelsconsideredin[22,25]havebeenassumedtobe10nm
wideandhaveagapof0.14eVonlycomparedto1.4eVinourmorenarrowGNRs.Thismeans
thatcarriertransportinthe10-nmwideribbonsislessdegradedthaninourGNRs.Thesimulations
in[21,22],ontheotherhand,assumebalistictransportandthereforeareexpectedtooverestimate
transistorperformance.
4. Conclusions
Anengineeringapproachtosimulatethesteady-stateandsmal-signalbehaviorofGNRMOSFETs
basedonaclassical2Ddevicesimulatorispresented.Modiﬁcationsimplementedinacommercial
simulatorenabletakingthe1DDOSandthematerialpropertiesofGNRsintoaccountandalow
thecorrectreproductionofthequantumcapacitanceofGNR MOSstructuresandoftheefects
ofinterribbongatesinmultiple-channelGNRMOSFETs.Exemplarily,50-nmgateacN=7GNR
MOSFETsinbothsingle-channelandmultiple-channelconﬁgurationshavebeeninvestigatedin
detail.Itisshownthatmultiple-channelGNRtransistorsshowhighernormalizeddraincurrentsand
transconductancescomparedtotheirsingle-channelcounterparts.Ontheotherhand,theinterribbon
gatescauseadditionalgatecapacitancecomponentswhoseefectscannotfulybecompensatedby
theenhancedtransconductance. Moreover,GNR MOSFETsshowlowercutoffrequenciesthan
GFETsduetothedegradedmobilityinnarrowGNRs.Atthesametime,however,themaximum
frequencyofoscilationofGNRMOSFETsissigniﬁcantlyhighercomparedtothatofGFETduetothe
semiconductingnatureoftheGNRchannel.
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Appendix
Inthefolowing,theexpressionsforthecalculationofthecarriersheetdensity(inunitsofcm2)
andthequantumcapacitanceforthe3D(bulk)case[42],the2Dcase,andthe1Dcase[42],whichhave
beenusedinSection2.3,aresummarized.
3Dcase
n3Dsh tc
0
g3Dεfε qϕcdε (A1)
g3Dε νmef 2mefεπ2 3 (A2)
fε qϕc 1
1 exp ε qϕckBT
(A3)
C3Dq νq
2tcmef 2mef
4kBTπ2 3 0
εcosh2 ε qϕc2kBT dε (A4)
2Dcase
n2Dsh
i0
gi2Dfε,Eidε (A5)
gi2D νimefﬁπ 2 (A6)
fε,Ei 1
1 exp ε Ei qϕckBT
(A7)
C2Dq q
2
π 2 i
νimefﬁ
1 exp Ei qϕckBT
(A8)
1Dcase
n1Dsh 1w i0
gi1Dfε,Eidε (A9)
gi1Dε νiπ
2mefﬁ
ε (A10)
C1Dq q
2
w 2hkBTi
νi mefﬁ
0
1
εcosh
2 ε Ei qϕs
2kBT dε (A11)
whereϕcisthechannelpotentialgivenby (EC EF)/q,qistheelementarycharge,εisthekinetic
energyoftheelectrons,gisthedensityofstates(giisthedensityofstatesintheithsubband),tcisthe
GNRthickness,νisthevaleydegeneracyfactor,mefisthedensityofstatesefectivemass,fisthe
Fermi–Diracdistributionfunction,Eiisthepositionoftheithsubbandwithrespecttotheconduction
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band edge, kB is the Boltzmann constant, and T is the temperature. Note that the expression for the
quantum capacitance for the 2D case, i.e., Equation (A8), does not contain an integral since for the
expression of the sheet density, i.e., Equation (A5), an analytical solution can be derived.
In the ATLAS simulations, the basic semiconductor equations, i.e., Poisson’s equation, the current
equations for electrons and holes (using Equation (4) with the parameters given below Table 1), and the
continuity equations, are solved self-consistently.
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